The eruptive history of the Shatsky Rise, a large oceanic plateau in the northwestern Pacifi c Ocean, is poorly understood. Although it has been concluded that the Shatsky Rise volcanic edifi ces erupted rapidly, there are few solid chronological data to support this conclusion. Similarly, the Shatsky Rise is thought to have formed near the equator, but paleolatitude data from the plateau are few, making it diffi cult to assess its plate tectonic drift with time. To understand the formation history of this oceanic plateau, paleomagnetic measurements were conducted on a total of 362 basaltic lava samples cored from the Shatsky Rise at 4 sites (U1346, U1347, U1349, and U1350) during Integrated Ocean Drilling Program Expedition 324. Examining
INTRODUCTION
Oceanic plateaus are massive volcanic edifi ces that represent extraordinary fl ux of magma from mantle sources (Duncan and Richards, 1991; Coffi n and Eldholm, 1994) . These large igneous provinces give insight into mantle dynamics and secular changes. The formation and evolution of oceanic plateaus are not well known because many are in remote areas beneath the sea, and their geologic evolution has been diffi cult to determine. Many oceanic plateaus were formed during the Cretaceous Normal Superchron, making it diffi cult to relate their formation to the tectonics of nearby active spreading ridges (Heller et al., 1996) . The Shatsky Rise is unique among the largest plateaus because it formed during a time of magnetic reversals, thus potentially allowing the evolution of seafl oor spreading to be inferred from magnetic lineations.
The Shatsky Rise, located in the northwest Pacifi c Ocean, is one of the largest oceanic plateaus, with an area of 4.8 × 10 5 km 2 and a total volume of ~4.3 × 10 6 km 3 . Magnetic lineations around the Shatsky Rise ( Fig. 1) indicate that it formed during the Late Jurassic to Early Cretaceous near a triple junction (Sager et al., 1988 Nakanishi et al., 1999) . It is composed of three large mountains, the Tamu, Ori, and Shirshov massifs, and a low ridge, Papanin ridge, extending to the north. Shatsky Rise edifi ces decrease in both volume and age from southwest to northeast along the plateau . Plateau formation began with the eruption of the Tamu massif, the southernmost of the three, and the largest and oldest volcano . From an analysis of the positive magnetic anomaly over the Tamu massif, it was argued (Sager and Han, 1993) that this large mountain formed rapidly during a single reversed polarity epoch. The other massifs and ridge formed subsequently along the path of the triple junction Nakanishi et al., 1999; .
The Shatsky Rise has characteristics that fi t two competing hypotheses for oceanic plateau formation. One, the plume head hypothesis, posits that oceanic plateaus form from maschanges in paleomagnetic inclinations, we gain a better understanding of eruptive rates by comparison of observed shifts in inclination with expected paleosecular variation. At three sites (U1346, U1347, and U1349) little change in paleomagnetic directions was observed, implying that the cored sections were mostly erupted rapidly over periods of <~100-200 yr. Only Site U1350 displayed directional changes consistent with signifi cant paleosecular variation, implying emplacement over a period of ~1000 yr. The paleomagnetic data are consistent with the idea that the Shatsky Rise igneous sections were mostly emplaced rapidly, but there were some time gaps and some fl ank locations built up more slowly. Because paleosecular variation was inadequately sampled at all the Shatsky Rise sites, paleolatitudes have large uncertainties, and because of the equatorial location, magnetic polarity is also uncertain. All sites yield low paleolatitudes and indicate that the Shatsky Rise stayed near the equator during its formation. Given that the locus of magmatism moved northward relative to the Pacifi c plate while staying near the equator, the Pacifi c plate must have drifted southward relative to the spin axis during the emplacement of the plateau. sive eruptions above the head of a nascent mantle plume, a thermal diapir that has risen from deep in the mantle to the base of the lithosphere (Coffi n and Eldholm, 1994) . This model predicts a massive initial eruption, as may have occurred with the Tamu massif, and a waning of volcanism with time, as implied by the smaller edifi ce sizes in the northeast part of the plateau . An alternative hypothesis is that plateau volcanism can occur in regions of plate extension, such as midocean ridges, caused by decompression melting of fertile upper Nakanishi et al. (1999) . Filled circles show the sites analyzed in this study.
mantle (Foulger, 2007) . This explanation also could apply to the Shatsky Rise, since it formed along the track of a triple junction . To gain a better understanding of the volcanism and formation mechanism of the Shatsky Rise, Integrated Ocean Drilling Program (IODP) Expedition 324 cored at fi ve sites on the plateau to obtain volcanic material. Site U1346 was cored on the Shirshov massif, Sites U1347 and U1348 on the Tamu massif, and Sites U1349 and U1350 on the Ori massif (Figs. 1 and 2; Sager et al., 2010) . Prior coring reached volcanic basement at only one location, Site 1213 on the south fl ank of the Tamu massif, where a 47 m igneous section was cored (Shipboard Scientifi c Party, 2002) . Basaltic fl ows were recovered at all sites except Site U1348, where only volcaniclastics were recovered (Sager et al., , 2011a (Sager et al., , 2011b . The igneous rocks are vesicular aphyric and phyric basalts with mid-oceanic ridge basalt-like chemistry and isotopic signatures . These rocks are classifi ed as pillow basalts and massive fl ow basalts, the latter as much as ~23 m thick. At Site 1213, three massive fl ows were cored ( Fig. 2) (Koppers et al., 2010 ). An average age of 144.6 ± 0.6 Ma was calculated using 40 Ar/
39
Ar radiometric dates from the lower two fl ows (Mahoney et al., 2005 Ar dates from Expedition 324 research indicate a similar age for the lower Site U1347 section (143-145 Ma below ~240 mbsf [meters below seafl oor]), but there may be a gap of several million years between the lower and upper (<220 mbsf) massive fl ows (Heaton and Koppers, 2014; Geldmacher et al., 2014) . Preliminary dating also indicates an age that is ~10 m.y. younger for Site U1350 (ca. 133 Ma) (Heaton and Koppers, 2014) on the Ori massif, consistent with the expected age progression from surrounding magnetic lineations.
Pillow lavas and massive fl ows both occur at most sites, but appear to show a transition from southwest to northeast on the Shatsky Rise. Thick massive fl ows are found only at sites on the Tamu massif, where they make up a large proportion of the core. At Site 1213, the entire cored section consists of 3 massive fl ows, and at Site U1347, the massive fl ows make up ~67% of the cored section . At Site U1347 the massive fl ows are concentrated in 2 sections where they make up ~100% of the rock (Fig. 2) (Sager et al., 2011b) . Massive fl ows were found at some of the other sites, but they are fewer and thinner .
Paleomagnetic studies indicate that the Shatsky Rise formed near the equator (e.g., Tominaga et al., 2005; Sager, 2006) , but Pacifi c paleomagnetic data are sparse and the Pacifi c apparent polar wander path is poorly defi ned, especially for the Late Jurassic and Early Cretaceous (Sager, 2006) . Here we examine the paleomagnetism of samples from lava fl ows cored from the Shatsky Rise to gain an appreciation of the timing of the eruptions and the paleolatitude for the Shatsky Rise at the time it formed. The basic premise of the eruption timing study is that changes in magnetization incli nation of cored samples versus depth provide a record of the changes in the magnetic fi eld caused by paleosecular variation (PSV). PSV occurs at relatively well-known rates for the past ~5 m.y. (Johnson et al., 2008; Kent et al., 2010) , with changes of ~20°-30° in magnetic inclination over periods of hundreds to thousands of years. Thus, changes in magnetization direction can be interpreted to refl ect the timing of lava fl ows. The timing of individual lava fl ows is poorly known because the most precise radiometric dates in basalts of Mesozoic age have an uncertainty of ~0.5 m.y., so it is difficult to distinguish the age variation of successive ancient fl ows drilled at a single site. Because of the relatively rapid changes in magnetic inclination caused by PSV, paleomagnetic measurements can be used to infer the relative timing of the individual lava fl ows. The Shatsky Rise is an anomalously large volcanic construct with massive lava fl ows, thus our working hypothesis is that the cored igneous sections were emplaced rapidly. If that is true, measured paleoinclinations should show limited variation caused by PSV. Our motivation for examining the paleolatitude is that the Late Jurassic to Early Cretaceous location of the Pacifi c plate at the time the Shatsky Rise formed is poorly known (Sager, 2006) and thus new data are important for understanding Pacifi c tectonic history.
Prior Paleomagnetic Studies of the Shatsky Rise
A number of paleomagnetic studies have been conducted on samples of Cenozoic and Late Cretaceous sediments from the Shatsky Rise sediment cap (e.g., Bleil, 1985; Evans et al., 2005) . Because these studies are not helpful for understanding the formation of the igneous pedestal of the Shatsky Rise, we do not discuss them here. Two studies from Site 1213 are informative for our study; in one, 52 samples from the 3 massive fl ows were measured using alternating fi eld (AF) demagnetization and thermal (TH) demagnetization to isolate the primary magnetization (Tominaga et al., 2005) . The study showed that many samples from the Site 1213 massive fl ows produced a data set of paleoinclinations with relatively high scatter. Tominaga et al. (2005) surmised that the coarse-grained massive fl ows contain multidomain (MD) magnetic grains that are susceptible to acquiring spurious secondary magnetizations, such as a drill-string overprint (Audunsson and Levi, 1989) . No statistical difference was detected between the mean inclinations of the three igneous units, suggesting that the emplacement occurred within a short time period. The mean inclination for the site is −9.3° +27.5°/-41.8° (Here and elsewhere, we report 95% confi dence limits, which are asymmetric for azimuthally unoriented samples; see Cox and Gordon, 1984) and this was interpreted as recording eruption 4.7° north of the equator during a reversed polarity period, possibly chron M19 on the geomagnetic polarity time scale (Tominaga et al., 2005) . Paleomagnetic data were also measured from Early Cretaceous sedimentary rocks deposited directly on the igneous basement at Site 1213 . Data from 22 samples gave a mean inclination of 9.1° +13.6°/-14.2°, which was also interpreted as a reversed magnetization, but acquired in the Southern Hemisphere. In addition, paleomagnetic samples were measured from an ~100 m section of basalt fl ows cored from abyssal seafl oor at Site 1179, located slightly north of the Shatsky Rise (Sager and Horner-Johnson, 2004) . The 122 measured samples describe 13 independent magnetic units that indicate a paleolatitude of 1.9°N ± 6.8°. Among the important fi ndings of these studies is the fact that the Shatsky Rise formed near the equator.
A downhole geomagnetic study was reported from wireline logging data collected during Expedition 324 within the Site U1347 borehole (Tominaga et al., 2012) . A change in the sign of the vertical component of the magnetic fi eld in the lower part of the section was interpreted as a shift of paleoinclination in surrounding lava fl ows from negative to positive in the upcore direction. This change was interpreted as the result of the Tamu massif moving from the Southern Hemisphere (negative inclination) to the Northern Hemisphere (positive inclination) (Tominaga et al., 2012) .
Several allied paleomagnetic studies have been conducted using Expedition 324 samples. Three reports give magnetic properties data from Expedition 324 sites Pueringer et al., 2013; Carvallo, 2014) ; another describes magnetic properties as background for a study of paleofi eld intensity . These studies provide important background data to help us understand the magnetic recording process of Expedition 324 samples. A brief outline of the methods used is given in the next section and cogent results are presented in the section that follows.
METHODS
Because of the international team of paleomagnetic scientists working on Expedition 324, samples were measured in several different laboratories. Although measurements were made from all Expedition 324 sites, this division led to slight differences in equipment, handling, and types of measurements. Although the data are therefore not as homogeneous as would be expected from a single laboratory, suffi cient data exist to understand the magnetic properties of the Shatsky Rise basalt samples.
Expedition 324 Shipboard Measurements
During Expedition 324, samples from every site were measured for paleomagnetic vector data, using both AF and TH demagnetization . To monitor changes in magnetic mineralogy, bulk susceptibility measurements were made between steps using a Kappa Bridge KLY 4S (Geofyzika Brno). AF demagnetization was performed with a D-Tech demagnetizer in 2-5 mT steps up to 30 mT and 10-20 mT steps from 30 to 120 mT. TH demagnetization was performed with a Schoenstedt thermal demagnetizer (model TSD-1) in steps of 25-50 °C up to 500-600 °C. After each step for both AF and TH demagnetized samples, the natural remanent magnetization (NRM) was measured with a Molspin Minispin magnetometer or on a 2G cryogenic magnetometer . The results from Sites U1346, U1347, and U1350 were reported in the IODP proceedings and are combined here with our shorebased results (Tables 1-4) .
Onshore Measurements

Site U1349
Samples from Site U1349 were measured at Doshisha University in Japan. Cubic 8 cm 3 samples were cut into multiple specimens and demagnetized using both AF and TH demagnetization, so data from the two different methods are available for most samples. The AF samples were demagnetized with a 2G Enterprise 755R magnetometer in steps of 5 mT from 5 to 50 mT and steps of 20 mT up to 100 mT. Thermally demagnetized samples were demagnetized with a TDS-1 (Natsuhara Giken) oven in steps of 25-30 °C up to 700 °C. The resulting inclinations from each sample set were usually similar, so in our analysis, each of these 62 paleocolatitudes is the average of the primary magnetizations determined from both AF and TH demagnetization of subsamples (Table 3) . Of the remaining three samples treated using only a single demagnetization type, two were demagnetized using AF and the other was TH demagnetized.
Sites U1346, U1347, and U1350
Measurements of samples from Sites U1346, U1347, and U1350 were made in a Lodestar Magnetics shielded room at the Pacifi c Northwest Paleomagnetism Laboratory at Western Washington University (WWU; Pueringer et al., 2013) . The samples were measured for magnetic susceptibility on an AGICO KLY3-S magnetic susceptibility bridge and then the NRM was measured on an AGICO JR6 dual speed spinner magnetometer. Half of the samples were demagnetized using TH demagnetization and the other half using AF demagnetization. This division was maintained because it was unclear after the shipboard study which method produced better results. For samples being TH demagnetized, pilot batches were heated and cooled in an argon atmosphere (so that oxidation of the samples would be minimized) and a regular atmosphere, using an ASC model TD48 or an ASC model TD48-SC thermal demagnetizing oven. No signifi cant difference in the results from these two techniques were detected, so the rest of the samples were TH demagnetized in air at steps of 40 °C from 80° to 500 °C and steps of 20-25 °C above 500 °C. The AF demagnetized samples were demagnetized with a D-Tech D2000 AF demagnetizer at steps of 5 mT from 5 mT to 60-120 mT. Hysteresis loops from 4 samples from each site were conducted with a vibrating sample magnetometer (Princeton Measurements Corporation MicroMag model 3900).
Because there was concern that high scatter in shipboard measurements of Site U1347 massive fl ows resulted from MD magnetic grain behavior, all samples from the massive fl ows measured at WWU were subjected to a low-temperature (77 K) treatment. In a magnetically shielded room the samples were immersed in liquid nitrogen for 20 min then warmed to air temperature and measured. This low-temperature procedure was performed before the samples were demagnetized, and the process of immersion, warming, and measuring was repeated until there was little change in magnetic intensity after exposure to the liquid nitrogen. The rationale of this treatment is that low-temperature treatment helps remove the magnetic remanence of MD magnetic minerals (Dunlop and Özdemir, 2007) .
Magnetic Properties Measurements
Measurements were made on samples from Sites U1346, U1347, and U1350 using the facilities at the Université Pierre et Marie Curie and Université de Montpellier II to understand the magnetic properties of Expedition 324 igneous samples Carvallo, 2014) . The objective of most measurements was to fi nd the best samples for paleofi eld intensity determinations . The measurements included magnetic hysteresis, fi rst-order reversal curve (FORC) diagrams, low-temperature magnetization, susceptibility versus temperature curves, and scanning electron microscope (SEM) photographs. Hysteresis and FORC measurements were made with an alternating gradient magnetometer (as reported in , and with a vibrating sample magnetometer (Carvallo, 2014) . Low-temperature measurements were made with a Quantum Design Magnetic Properties measurement system. Susceptibility versus temperature measurements were made by cooling or heating samples in a CS-L cryostat and CS-3 furnace in argon atmosphere and measuring with a KLY-3 Kappabridge instrument. SEM photographs were made with a SEM/FRG Zeiss Ultra 55, observing rock powders mounted on carbon stubs.
Principle Component Analysis
All characteristic magnetization directions were calculated from demagnetization data using principle component analysis (PCA) (Kirschvink, 1980) . For each sample, a series of hightemperature or high AF fi eld measurements that displayed univectorial decay toward the origin of an orthogonal vector plot (Zijderveld plot) was assumed to represent the primary magnetization and used for the PCA determination. Because some samples displayed short sections of partial self-reversal at medium Core/sect/int-core number, section, and interval in section (full sample designation is 324-U1346-core-section-interval); mbsf-meters below seafloor; Flow-flow number described by shipboard scientists ; Group-statistically distinct inclination group (see Table 5 ); Treat-demagnetization treatment: AF-alternating field demagnetization (mT); TH-thermal demagnetization (°C); Steps-demagnetization steps used for principle component calculation; Inc-inclination of primary magnetization; N-number of demagnetization steps used to calculate mean; MAD-maximum angular deviation; VGC-virtual geomagnetic colatitude (calculated assuming normal polarity).
*Indicates sample rejected for average paleocolatitude calculations. temperature levels (250-350 °C) during TH demagnetization, only the measurements at higher temperatures were used for the PCA calculations. For most samples, we obtained >4 high demagnetization measurements that could be used to defi ne the PCA solution (Pueringer et al., 2013; Tables 1-4) .
PCA directions can be determined either constraining the vector to pass through the origin of the orthogonal vector plot (anchored) or with the solution unconstrained by the origin (unanchored). Preference between these two methods is not universal, but the two analyses give nearly identical results for wellbehaved samples. For consistency with prior results, we retained the anchored PCA solutions determined onboard the ship. However, for measurements made at WWU and Doshisha University, PCA fi ts were calculated in the unanchored mode. Although the results are similar for most samples, we preferred solutions for unanchored results with the new data because one less assumption is made. No signifi cant difference was observed between data produced by the two variations of PCA calculation, justifying the mixing of results.
An indication of measurement repeatability is given by the maximum angular deviation (MAD), an angle calculated from PCA solution eigenvalues (Kirschvink, 1980) . Demagnetization data that produce large MAD values exhibit large directional scatter, so it is suspected that the average may be unreliable. In our analysis, we used MAD = 10° as an arbitrary upper limit and did not use samples with larger values for mean direction calculations. Of the results from Site U1347, ~24% were rejected by this criterion; ~2% of the samples from Site U1350 were eliminated for the same reason. However, no samples from Site U1346 and U1349 were rejected.
Paleoinclination (Paleocolatitude) Analysis
Azimuthally unoriented samples give a biased mean when inclinations are averaged (Briden and Ward, 1966) , thus requiring the use of methodology designed to mitigate this bias. Several similar techniques have been devised (Briden and Ward, 1966; Kono, 1980a Kono, , 1980b Cox and Gordon, 1984; McFadden and Reid, 1982; Arason and Levi, 2010) and they give similar results, especially in samples magnetized near the equator where the bias is small. We used a routine devised by Cox and Gordon (1984) because it is easily applied to the protocol of comparing lava fl ow data used in this study. In addition, this routine has a mechanism to estimate uncertainty of the mean direction in the absence of adequate sampling of PSV. Because this method may be unfamiliar, a brief description is warranted. Cox and Gordon (1984) argued that inclination data should be averaged using paleocolatitude (the complement angle to paleolatitude, λ, which is related to inclination, I, by tanI = 2tanλ) because the latter has a more symmetric distribution. Thus, the mean paleocolatitude for a magnetic unit is determined by simple averaging of sample colatitude values. A correction is applied to convert the observed mean paleocolatitude to an estimate of Core/sect/int-core number, section, and interval in section (full sample designation is 324-U1346-core-section-interval); mbsf-meters below seafl oor; Flow-fl ow number described by shipboard scientists ; Group-statistically distinct inclination group (see Table 5 ); Treat-demagnetization treatment: AF-alternating fi eld demagnetization (mT); TH-thermal demagnetization (°C); Steps-demagnetization steps used for principle component calculation; Inc-inclination of primary magnetization; N-number of demagnetization step inclinations used to calculate mean; MAD-maximum angular deviation; VGC-virtual geomagnetic colatitude (calculated assuming normal polarity).
*Indicates sample rejected for average paleocolatitude calculations. Core/sect/int-core number, section, and interval in section (full sample designation is 324-U1346-core-section-interval); mbsf-meters below seafloor; Flow-flow number described by shipboard scientists ; Group-statistically distinct inclination group (see Table 5 ); Treat-demagnetization treatment: AF-alternating field demagnetization (mT), TH-thermal demagnetization (°C); Steps-demagnetization steps used for principle component calculation; Inc-inclination of primary magnetization; N-number of demagnetization step inclinations used to calculate mean; MAD-maximum angular deviation; VGC-virtual geomagnetic colatitude (calculated assuming normal polarity); VGC ave-average of VGC data for a single sample. *Indicates sample rejected for average paleocolatitude calculations.
on April 20, 2015 specialpapers.gsapubs.org Downloaded from the true value using a lookup table derived from numerical integration of equations for the expected paleocolatitude (Cox and Gordon, 1984) . For the Shatsky Rise samples, these corrections were only 0.0°-0.1° because of the low paleolatitude. Cox and Gordon (1984) also considered the propagation of uncertainties to determine confi dence intervals for averaged paleocolatitudes. Although the observed scatter of colatitude values refl ects the measurement uncertainty, if PSV is not properly sampled, the standard error of the mean is likely too small. Thus, Cox and Gordon (1984) substituted a model value of the colatitude variance caused by PSV (Harrison, 1980) when the observed and model values of this variance are signifi cantly different. This may seem counterintuitive (i.e., to substitute a model value for the observed scatter), but this method gives more realistic estimates of uncertainty, especially if the number of independent magnetic units is small. The overall uncertainty estimate for a mean site paleocolatitude combines the variance from this model along with an estimate of the between-unit standard error (i.e., measurement uncertainty) and an estimate of systematic error caused by borehole tilt (Cox and Gordon, 1984) . Most other methods do not treat the systematic error caused by borehole tilt, and this quantity is not always measured. Cox and Gordon (1984) assumed a value of 2° in the absence of borehole tilt data, and we followed this suggestion when no such data were available. Wireline logging data from Expedition 324 defi ned the tilt of two holes (U1347, 2.8°; U1349, 1.2°), so these measured values were used for the analysis of those holes. Because the correction for inclination bias varies with latitude, uncertainty estimates become asymmetric when the inclination bias correction is applied. Thus 95% confi dence limits given in this study have asymmetric values for lower and upper bounds.
At the heart of the inclination analysis is the distinction of independent magnetic units. If the paleocolatitude averages of two lava fl ows are nearly the same, it is suspected that they were erupted close together in time. If the averages are greatly different, they may have erupted after a signifi cant time interval. It is appropriate to combine the two units erupted close in time, but treat the units with greatly different means as independent samples of the paleofi eld direction. To determine whether the means of two paleocolatitude groups are statistically distinct (i.e., their means are not equal with 95% confi dence), we used the Z statistic of Kono (1980a Kono ( , 1980b , where Z = (I 2 -I 1 )/(s 2 2 /n 1 -s 1 2 /n 1 ) 1/2 and I 1 , I 2 are the two inclination means, s 1 and s 2 are the standard deviations of the two groups, and n 1 and n 2 are the numbers of samples in the two groups. If Z > 1.96, the two group means are distinct. In our analysis, we compared the means of adjacent lava fl ows, treating them as distinct units when appropriate and combining data from adjacent units if not. At the beginning, we grouped data by the lava fl ow units defi ned by Expedition 324 shipboard scientists Tables 1-4) . Especially in the sections of thin pillow fl ows, it was common to have a low number of samples in a given fl ow, so we also looked for Core/sect/int-core number, section, and interval in section (full sample designation is 324-U1346-core-section-interval); mbsf-meters below seafl oor; Flow-fl ow number described by shipboard scientists ; Group-statistically distinct inclination group (see Table 5 ); Treat-demagnetization treatment: AF-alternating fi eld demagnetization (mT), TH-thermal demagnetization (°C); Steps-demagnetization steps used for principle component calculation; Inc-inclination of primary magnetization; N-number of demagnetization step inclinations used to calculate mean; MAD-maximum angular deviation; VGC-virtual geomagnetic colatitude (calculated assuming normal polarity).
*Indicates sample rejected for average paleocolatitude calculations.
groupings of similar paleocolatitudes to indicate where magnetic unit boundaries occur. Often the average of a group of paleocolatitudes contains data from several adjacent lava fl ows. Even though two magnetic units are statistically distinct, they may not be independent in the strictest sense. Cox and Gordon (1984) recommended a conservative approach when determining a site average, combining adjacent magnetic units if the colatitude difference is not ~10°. Often adjacent units may be statistically distinct, but are only separated by a few degrees. Because this approach yields a more conservative estimate of uncertainty, we applied it in this study.
When paleocolatitude data were plotted, it was clear that some values clustered but others appeared to be outliers. We applied several criteria to determine which values are unreliable and did not use these outliers for the calculation of averages. All samples with MAD > 10° were rejected because these samples have low internal consistency in demagnetization steps. We also considered a sample to be an outlier if its colatitude is displaced from the group mean more than two standard deviations. After this fi ltering, it was noted that the distribution of samples around the mean in some groups (all at Site U1347) showed a tail of low colatitude values (corresponding to higher inclinations). Because most samples were affected by a steep, downward overprint (probably from the drill string), it is likely that in these samples the overprint was incompletely removed. In response, we also rejected samples whose magnetization vector did not stop shallowing during the demagnetization process. There were a number of samples from Site U1347 in which the differences at high demagnetization steps were small, but the vector was nonetheless shallower at each successive step. Almost all of these samples gave low paleocolatitude values and their removal resulted in a distribution that was more symmetric around the mean value.
RESULTS
Magnetic Properties
Basalt samples from Expedition 324 cores show magnetic properties indicating that they contain a diverse assemblage of mainly titanomagnetite and titanomaghemite grains of varying size and behavior. There were indications from thin sections and magnetic properties that some samples from Site U1349 contain hematite. Despite this diversity, most sample properties are consistent with those of seafl oor basalts that reliably record the paleomagnetic fi eld.
Magnetic grains observed by SEM in thin section range from 1 to 2 µm to several tens of microns across, but in samples from Sites U1347 and U1350 the larger grains have been subdivided by alteration and breakage into micron-scale grains . Samples from Sites U1347 and U1350 contain skeletal grains typical of alteration, whereas Site U1349 samples contain mostly unbroken and little altered grains. Samples from Sites U1347 and U1350 had iron oxide grains with oxy-exsolution patterns , implying oxides of different compositions. Consistent with this observation, at all sites, electron dispersive spectra measurements made with the electron microscope show a wide variety in titanium content for the magnetic grains.
Low-and high-temperature heating and cooling measurements indicate a variety of behaviors, from reversible to highly irreversible. Curie temperatures of magnetic grains range from low (~160 °C) to high (550-575 °C), but the most common values are 400-500 °C. This variability suggests that the samples contain a complex mixture of magnetic grains and phases. Changes in magnetization with temperature are consistent with titanomagnetite with varying titanium content and variable oxidation states . Susceptibility and temperature measurements for Sites U1347, U1349, and U1350 show some samples with two different Curie temperatures, indicating two magnetic phases. After heating, often only the higher temperature component survived, implying that the lower Curie temperature component (titanium rich) inverted to a higher Curie temperature (low titanium) mineral . Similarly, it was also noted that some basalt fl ow samples showed an increase of magnetic susceptibility at higher TH demagnetization steps , a behavior implying the inversion of titanomagnetite to magnetite during heating (Özdemir and O'Reilly, 1982) . This transformation did not appear to change magnetization direction, so the newly formed magnetite appears to inherit the magnetization direction of the original magnetic minerals or the new magnetite has no net direction Pueringer et al., 2013) .
Magnetic grain sizes determined from hysteresis and FORC measurements indicate that most samples have grains that respond as single domain (SD) or pseudosingle domain (PSD) types (Pueringer et al., 2013; Carvallo, 2014) , consistent with thin-section observations of small and broken iron oxide grains . Hysteresis measurements of samples from Sites U1346, U1347, and U1350 are mostly in the SD-PSD range (Fig. 3) , implying grain types that usually record the paleomagnetic fi eld reliably (e.g., Butler, 1992) . Most samples from Sites U1346 and U1350 plot along an SD-MD mixing curve (Dunlop, 2002a (Dunlop, , 2002b ) at values of 20%-60% MD grains (Fig. 3) . Site U1347 results show the most variation, plotting along the same mixing curve from 0%-80% MD (Fig. 3) . In particular, most of the samples that exhibit more MD behavior are from the massive fl ows, whereas those on the SD end of the distribution are from the fi ne-grained pillow fl ows. Moreover, immersion of samples in liquid nitrogen (a procedure to demagnetize MD grains) showed little effect on samples from Sites U1346 and U1350 and the pillow fl ows of Site U1347. Only some samples from the massive fl ows of Site U1347 displayed signifi cant changes in magnetization with this treatment (Pueringer et al., 2013) . These results are consistent with most Expedition 324 samples having SD-PSD behavior, but the massive fl ow samples of Site U1347 may exhibit MD behavior that can include having an unstable magnetization prone to acquiring an overprint (e.g., Butler, 1992) .
Colatitude (Inclination) Data
Despite the variety of magnetic properties, most samples yielded consistent demagnetization results with univectorial decay at higher steps (Figs. 4-8) , implying that these samples reliably record a primary magnetization corresponding to the paleomagnetic fi eld direction. This is especially true for Sites U1346, U1349, and U1350, for which there were few data rejected as unreliable or outliers. Data from Site U1347 displayed more inconsistency, particularly in the massive fl ow units, requiring more scrutiny and analysis. Most samples at all sites displayed a downward-directed, drill-string overprint (e.g., Audunsson and Levi, 1989) , but this bias was typically removed by demagnetization at 10-15 mT for AF-treated samples and 150-250 °C for TH-demagnetized samples . As shown in Figure 6 , for some Site U1347 samples it was impossible to remove the drill-string overprint, presumably because these samples have larger magnetic grain sizes that are less stable, so they were more completely remagnetized by exposure to the drill-string magnetic fi eld. Both AF and TH demagnetization gave consistent results for most samples, although results were commonly inconsistent for the massive (Day et al., 1977) . Gray zone shows range of modeled hysteresis parameters for a mixture of SD and MD grains (Dunlop, 2002a (Dunlop, , 2002b with dots and numbers indicating percentage of MD grains in the mixture. SPM-superparamagnetic. fl ow samples of Site U1347. The lowermost massive fl ow at Site U1347 was particularly troublesome and many samples gave poor results (Table 2) .
AF demagnetized samples often displayed low (<10 mT) median destructive fi eld (MDF) values, although some samples had higher MDF. Despite the low MDF, most AF-demagnetized samples were characterized by univectorial decay once the overprint was removed (Pueringer et al., 2013) . Some samples from Sites U1346, U1347, and U1350 showed a small segment of self-reversal behavior at ~350-350 °C during TH demagnetization ( Fig. 4 ; Pueringer et al., 2013) . This type of behavior is not uncommon in seafl oor basaltic fl ows (e.g., Tarduno, 2004, 2005) . The reversed directions were removed by higher temperature demagnetization and we were able to use these higher temperature steps to determine the characteristic magnetization direction. 
Site 1346
Sample measurements from Site U1346 display a narrow range of small negative inclination values (Table 1) . Because we do not initially know the magnetic polarity, we assume that the measured samples record normal magnetic polarity. This results in colatitude values ranging from ~95° to 105° for Site U1346 (Fig. 9) . No change in the sign of the paleoinclinations is observed, so all of the samples record the same polarity. Analysis showed that only two groups are statistically distinct and the difference in average colatitude is small, 1.8° ( Fig. 9 ; Table 5 ). This small difference implies little change in the magnetic fi eld direction between fl ow groups, so it is unlikely that signifi cant time passed between these eruptions. By the rationale described in Cox and Gordon (1984) , we combine the two groups for a single average value. The average colatitude for the site is 100.3° with a 95% confi dence of +20.7°/-20.1° (Table 5) . Figure 3 . The small magnetization remaining at high (>575 °C) thermal demagnetization steps implies that the magnetization is partly carried by hematite, but it appears to be a minor component that does not carry a different direction.
Site 1347
Sample paleoinclinations from Site U1347 samples are predominantly positive (Table 2) , giving group mean colatitudes ranging from 79.7° to 89.8° (normal polarity assumed). Individual sample data from Site U1347 show more scatter than the other sites (Fig. 10 ) and careful analysis was required to distinguish outliers (see Methods discussion). Many outliers gave low values of colatitude (high inclination) and were recognized as not having had the steep, drill-string overprint completely removed. Five statistically distinct magnetic groups were recognized within the cored section (Fig.  10) . Differences between successive group mean colatitudes range from 2.7° to 10.1°. The large change between groups 1 and 2 implies that these two groups were erupted after a signifi cant time gap, but the amount of paleocolatitude change is small for groups 2-5 (2.7°-4.9°), implying that the sampled paleofi eld did not undergo signifi cant secular variation between these groups. Indicating otherwise, preliminary radiometric dates (Heaton and Koppers, 2014; show a likely gap of at least ~3 m.y. between the lower massive fl ows (>260 mbsf) and the upper massive fl ows (<220 mbsf). Thus, despite magnetic directions being similar between groups 3 and 4 (Fig. 10) , there is likely a large age discontinuity. This illustrates that signifi cant time can pass between successive lava fl ows with similar paleoinclinations owing to the fact that PSV is quasi-cyclical. For calculating the site mean paleocolatitude, we assume 3 independent magnetic groups: group 1, groups 2 and 3, and groups 4 and 5 (Table 5 ). These three groups yield an average colatitude of 84.8° with a 95% confi dence of +13.0°/-13.2° (Table 5) .
Site 1349
Measured paleoinclinations for Site U1349 are mostly small negative values (Table 3) , implying magnetization in the Southern Hemisphere if the polarity is normal. Statistical analysis indicates that Site U1349 has two distinct groups, which give mean colatitudes at 91.3° and 96.2°, implying a paleolatitude near the equator ( Fig. 11 ; Table 5 ). The difference between the group mean colatitudes is only 4.9°. This difference is small, so both groups were combined for a single average for the section. The small difference between the two groups implies that a short time separated them. The mean colatitude for the site is 93.7° with a 95% confi dence interval of +20.4°/-20.3° (Table 5) .
Site 1350
Site U1350 is unusual among Expedition 324 sites because the cored section displays both positive and negative inclinations in nearly equal amounts (Table 4) . To interpret the section, an assumption about magnetic polarity must be made. It is unlikely that the section records numerous magnetic reversals; instead, the pattern of paleocolatitudes (Fig. 12 ) appears much like published secular variation curves, especially between 170 and 270 mbsf, where mean colatitude values change systematically. Thus, we assume that changes in the sign of the paleoinclination result from secular variation near the equator. After statistical analysis, Site U1350 was divided into 14 statistically distinct groups ( Fig.  12 ; Table 5 ). Differences between group means are larger than at other sites, ranging from 0.9° to 12.0°, with a median difference of 6.0°. Changes are small between colatitudes for groups 3 and 4 as well as 11-14, so we combined those groups. Our fi nal grouping has 10 independent groups, from which the average colatitude is (Table 5 ) and the shaded areas show the standard deviation for each mean colatitude. The dashed gray line represents 90° colatitude (equator).
calculated as 86.7° with a 95% confi dence interval of +7.2/-7.3 (Table 5 ). In this case, the confi dence limits are much smaller than those of the other sites because of the 10 independent groups.
DISCUSSION
Timing of Lava Flow Emplacement
Geomagnetic fi eld directions are constantly changing with time owing to PSV. If many years have passed between successive lava fl ow eruptions, it is likely that they will display different paleoinclinations. Jurassic geomagnetic fi eld behavior is poorly known, so in this discussion we must assume that Jurassic PSV was similar to the recent record. As shown by Holocene deepsea and lake sediment cores (which can produce high-resolution records), recent PSV displays multiple shifts of paleoinclination during the Holocene (e.g., Creer, 1981; Turner and Thompson, 1981; Gogorza et al., 2011) , with swings of up to 15°-30° in 1 k.y. (Creer, 1981; Daly and Le Goff, 1996; Lund et al., 2005) . Some records suggest that inclination changes can be very rapid, e.g., 6° over a 50 yr span (Gogorza et al., 2011) . In the past 5 k.y., sediment records often show 4-6 swings >10° (Creer, 1981) . Inclinations in sediment records can remain stable for a time, but it is rare to fi nd periods >500-1000 yr in which the fi eld changes <5° (Lund et al., 2005) .
It is diffi cult to estimate the exact timing represented by a particular change in inclination between lava fl ows. In part this is because we do not have a record of Jurassic PSV and do not know the eruption rate of the Shatsky Rise lava fl ows. Estimating the time gap is also diffi cult because the rate of PSV is variable, so a given time span may produce a change in paleoinclination that can be large or small. Moreover, because PSV is quasi-periodic, oscillating around an average for any given site, even a long time period between paleomagnetic samples may not produce a large change in the paleomagnetic direction. To gain an idea of the time span implied by a given change in paleoinclination, we used a global model of the Holocene magnetic fi eld (Cals10k, covering the past 10 k.y.; Korte et al., 2011) to estimate PSV. A PSV record was generated for an equatorial site (because the Shatsky Rise was near the equator) and a Monte Carlo routine was used to select two paleoinclination values with a given age interval (Fig. 13) . With 1000 trials for each assumed age interval (from 25 to 1000 yr), the angles that encompassed 50% and 95% of the estimates were calculated. As expected, larger age intervals are refl ected by larger angular separations on average. The angle encompassing 95% of the estimates climbs rapidly for intervals <~800 yr (Fig. 13) . For a 100 yr period, the 95% angle is ~4°, for 200 yr, it is ~7°, and for 300 yr, it is ~10°. This angle becomes slightly smaller at intervals >800 yr, likely because of the limited angular deviation of PSV and the limited time span of the PSV model.
In general, the difference in mean paleoinclination between magnetic groups at the Shatsky Rise sites is small. Of all the Shatsky Rise igneous sites, Site 1213 shows the least variation. Although the individual sample data show considerable scatter, none of the fl ows in this 47 m section is statistically distinct, so they appear to record the same paleoinclination. Sites U1346 and U1349 both have only two distinct groups with colatitude averages 1.8° and 4.9° apart, respectively (inclination averages are 3.2° and 9.3° apart). The PSV model implies that the interval between lava fl ows is likely <100 yr for Site U1346 and <200 yr for Site U1349. Based on changes in paleocolatitude only, we would have divided Site U1347 into two groups (group 1 and groups 2-5), but radiometric age data imply that there is likely a time gap between groups 2-3 and 4-5 (Heaton and Koppers, 2014) . Between groups 1 and 2 the colatitude shifts by 10.1° (paleoinclination by 19.5°). The PSV model does not show an inclination change >17° in our 1000 yr analysis (Fig. 13) , implying that the interval between these groups is at least this large. Given that radiometric age data show signifi cant time gaps, the age difference between groups 1 and 2 may be larger. Groups 2-5 all have similar averages, with only 2.7°-4.9° of colatitude (5.1°-9.4° of inclination) separating their means. Given the possible age gap between the upper and lower massive fl ows, this uniformity may be an artifact of the quasi-periodic nature of PSV. The Holocene PSV model implies that the small changes between groups 2-3 (4.0°) and 4-5 (4.9°) likely represent <200 yr.
Site U1350 is unlike the other sites. Both the top ~40 m and bottom ~50 m of the section show consistent colatitudes, implying rapid lava accumulation, but the middle section, between ~190 and 270 m, shows large systematic variations with the appearance of PSV. Differences between magnetic groups in this middle section are typically 6°-7° in colatitude (12°-13° inclination) with an overall colatitude range of ~15° (78.2°-94.3°) and inclination range of ~31° (−8.6° to 22.7°). Even with the observed variation, the between-group colatitude standard error is only ~4.9°, which is less than the expected 9.0° from a PSV model (Harrison, 1980; from Cox and Gordon, 1984) . These observations imply that the time spanned by these lava fl ows is ~10 3 yr, but probably not ~10 4 -10 5 yr, which would average PSV completely and record the full range of inclination variation. Supporting this interpretation, the progression of paleocolatitudes in groups 2-10 displays serial correlation. Paleocolatitude trends progressively higher in groups 2-4, lower in groups 5-6, higher in groups 7-8, and lower in groups 9-10. Although we cannot say with certainty that there is no jump in time that skips over one or more PSV cycles, the U1350 curve displays no abrupt jump in the colatitude of these groups that would imply a large time gap. We conclude that the Shatsky Rise lava fl ow sections mostly built rapidly, with sections of ~50-70 m thickness accumulating in periods of ~100-200 yr. This is similar to fi ndings from the Deccan Traps large igneous province, where single eruptive events can be 40-180 m thick with very little change in paleoinclination (Chenet et al., 2008) . Two Shatsky Rise sections indicate greater lapses of time in slightly different situations: periods of accumulation that were slow but relatively continuous, and long time gaps at the end of volcano formation. Site U1350 demonstrates the fi rst situation with a section of ~80 m in which several PSV cycles occur sandwiched between two rapidly emplaced sections. Site U1350 thus implies pulses of greater and lesser lava output. Similar observations are made on Hawaiian volcanoes where fl ank eruptions often occur in pulses, sometimes with slow accumulation in between (Sharp et al., 1996; Stolper et al., 2009) . The second situation occurred at the summit of the Tamu massif, where radiometric dating indicates that the fi nal eruptions were emplaced after a long interval between (Korte et al., 2011) over the past 10,000 yr at an equatorial site. (Bottom) Differences in inclination between two times separated by a time gap using a Monte Carlo sampling of Cals10k inclinations. The curve labeled 95% is the angle that encompasses 95% of the samples; the curve labeled 50% is the angle encompassing 50% of the samples. large outpourings of lava. This occurrence may be analogous to the late-stage eruptions of large Hawaiian volcanoes, which can occur millions of years after the formation of the main shield (e.g., Clague et al., 1989) .
Paleolatitudes and Magnetic Polarity
All Shatsky Rise paleolatitude data place the plateau near the equator at the time of formation. Interpretation of these data is diffi cult because of the large uncertainty of the mean paleocolatitudes (±13°-20° for Sites U1346, U1347, and U1349) resulting from the small number of independent magnetic units recovered at all sites but U1350. Low paleolatitudes complicate the interpretation of magnetic polarity and hemisphere. At low latitude sites, a change in the sign of paleoinclination can occur either because of a magnetic polarity reversal or because of normal PSV. Here we propose plausible interpretations of paleolatitude and magnetic polarity for Shatsky Rise drill sites, but these interpretations must be treated with caution resulting from this ambiguity.
The two sites drilled on the Tamu massif (1213 and U1347) yielded paleoinclination data with different signs: Site 1213 data have mostly negative paleoinclinations (Tominaga et al., 2005) , whereas Site U1347 data are mostly positive (Table 1) .
One interpretation of this difference is that the two sites display different magnetic polarities. However, an alternative is that the Shatsky Rise drifted across the equator, and one site was emplaced in the Southern Hemisphere (negative inclination for normal polarity) and the other in the Northern Hemisphere (positive inclination for normal polarity). Moreover, another possibility is that the change in paleoinclination sign occurred by PSV. The change of paleoinclination average from −9.3° (Site 1213) to +10.3° (Site U1347) is within the plausible range of PSV if the site were at the equator. Without magnetic declination data or some way to determine magnetic polarity, we cannot be certain which one of these possibilities is correct.
Magnetic wireline logs were interpreted to give both magnetic polarity and hemisphere of magnetization for Site U1347 in Tominaga et al. (2012) , and it was concluded that the lower part of the Site U1347 section (below ~260 mbsf) is normally polarized but formed in the Southern Hemisphere and the upper part of the section is also normally polarized but formed in the Northern Hemisphere after a gap of millions of years, during which the Tamu massif drifted across the equator. This interpretation is based on an observed change in sign of the vertical component of the anomalous magnetic fi eld at ~260 mbsf. If this interpretation is correct, we should see a change in sign of the paleoinclinations in cores from Site U1347. Samples from the lower massive fl ows were the least reliable and showed the greatest scatter of all Expedition 324 samples; nevertheless, Figure 10 shows that there are apparently reliable measurements from these fl ows, and there is no change in sign at the bottom of this section. Moreover, radiometric ages from the lower part of the section are ca. 144-142 Ma (Heaton and Koppers, 2014) , so there is no evidence of a large age gap at ~260 mbsf consistent with drifting across the equator. The interpretation that the upper section is normally polarized in the Northern Hemisphere is plausible and predicts a normal polarity colatitude arc that matches closely to the 145 Ma paleomagnetic pole (Fig. 14) . Although it is possible that the Site 1213 data were magnetized with the same polarity, but have opposite signs from Site U1347 data owing to PSV, the Site 1213 data give a nearly identical paleocolatitude arc to that from Site U1347 if (Sager, 2006; Beaman et al., 2007) are shown as small, fi lled circles. Gray ellipses show 95% confi dence regions for the poles. Numbers in italics are mean ages for the poles (in Ma). Thick arcs labeled N and R show the mean colatitude for each Shatsky Rise site assuming normal and reversed polarity, respectively.
it is assumed that the Site 1213 section records reversed polarity (Tominaga et al., 2005) . Thus, the most plausible interpretation of the paleomagnetic data is that the Tamu massif formed slightly north (~3°-5°) of the equator and is made up of lavas of both normal and reversed magnetic polarity. This fi nding invalidates the conclusion from a magnetic anomaly study of the Tamu massif that the edifi ce formed within a single reversed polarity period (Sager and Han, 1993) . This fi nding is unsurprising given that the magnetic anomalies of volcanic edifi ces average the magnetization of a volcano, which may contain complexities (e.g., Gee and Nakanishi, 1995) . Moreover, preliminary radiometric dates also show that the Site U1347 section likely spans at least several million years (Heaton and Koppers, 2014; Geldmacher et al., 2014) and are thus unlikely to record a uniform magnetic polarity during a period containing magnetic reversals.
No information tells us the magnetic polarity for the other cored sections from Expedition 324. Magnetic wireline logs were collected at Site U1349, but the igneous section was short and partly affected by the magnetic fi eld of the drill string. In the rest of the section, the inclinations are anomalously high, implying that the borehole magnetic anomaly does not reliably record the paleoinclination (which should be near zero). Even though the magnetic polarity of the Ori massif sites is unknown, both Sites U1349 and U1350 give colatitudes near 90°, so they constrain the paleomagnetic pole to a narrow zone that crosses the Pacifi c apparent polar wander path near its farthest extent from the spin axis (Fig. 14) .
Although samples from Site U1349 record the same paleoinclination sign and are therefore of the same magnetic polarity, interpretation of the Site U1350 section is more diffi cult because it contains both positive and negative paleoinclinations. The progression of group mean paleocolatitudes at Site U1350 is consistent with PSV, which can cause changes in paleoinclination sign when the site is near the equator. Although it is possible that more than one polarity period is recorded at Site U1350, preliminary radiometric dates do not show a clear age progression within the section (Heaton and Koppers, 2014) , suggesting that a signifi cant time span is not present and this explanation is less likely. Data from Site U1346 also record one magnetic polarity, but with the large uncertainty in mean paleocolatitude, we cannot know which polarity is recorded, nor can we tell the paleoposition of the Shirshov massif except to say that it was also formed near the equator.
Mean paleocolatitudes for Sites U1347, U1349, and U1350 are all ≤5° from the paleoequator. The Site U1346 average is ~10° from the paleoequator, but large uncertainty in the mean implies that this difference is probably not signifi cant. Paleomagnetic data from Site 1213 gave similar results, with both basalt and sediment paleolatitudes of 4.6°-4.7° (Tominaga et al., 2005; . No matter what polarity and hemisphere are assumed for the sites in this study, the data are consistent with the known Pacifi c apparent polar wander path (Fig. 14) and indicate a near-equatorial paleoposition for the Shatsky Rise at the time of its formation. Because all of the Shatsky Rise paleolatitudes are low, it is likely that the plateau stayed near the equator during its formation. Although plate rotation can affect paleolatitude, the apparent polar wander path indicates that little rotation has occurred (Sager, 2006 (Sager, , 2007 , so the Shatsky Rise paleolatitude data are mostly a refl ection of northward and southward drift.
Paleolatitudes for both the Tamu and Ori massifs are similar, but the Ori massif paleocolatitude arcs imply paleomagnetic poles at lower latitudes, consistent with the progression of the apparent polar wander path during the Late Jurassic and Early Cretaceous (Fig. 14) . How does this apparent shift in paleomagnetic poles occur when the paleolatitudes show no apparent change? While the site of eruptions stayed near the equator, as implied by the low paleolatitudes, the plateau eruptions moved northward relative to the Pacifi c plate from the Tamu to Ori to Shirshov massifs. Thus, the Pacifi c plate moved southward while the locus of eruptions stayed nearly fi xed in the paleomagnetic reference frame. It is interesting that this fi nding is also consistent with the ~2° paleolatitude of Ocean Drilling Program Site 1179, located on magnetic anomaly M8 (133 Ma) slightly north of the Shirshov massif (Sager and Horner-Johnson, 2004 ). This result confi rms prior research indicating that the Pacifi c plate moved southward during this time period (Larson and Lowrie, 1975; Larson and Sager, 1992; .
CONCLUSIONS
1. Samples from Sites U1346, U1347, and U1349 do not display substantial colatitude variation between most magnetic groups, implying that the cored sections were erupted during a short period of time, i.e., mostly <100-200 yr. Of these sections, only one shows paleomagnetic evidence of a signifi cant time gap. The uppermost magnetic group at Site U1347 suggests a larger time interval, >1000 yr. The Site U1350 section is the only one that displays signifi cant and systematic variation between fl ow groups that could be interpreted as PSV. This fi nding implies emplacement over a period of ~1000 yr. However, the betweengroup standard error for Site U1350 is smaller than modeled PSV, implying that the total eruptive period was too small to completely average PSV and is thus <10 4 -10 5 yr. 2. Site U1347 paleoinclinations are similar to published values from nearby Site 1213 but with different signs. We interpret that a magnetic polarity reversal occurred between lava emplacement at the two sites on the Tamu massif. This contradicts published fi ndings that the Tamu massif formed during a single polarity period. It is also possible, but less likely, that the different signs are a result of the Tamu massif drifting across the equator, indicating a substantial time between the eruptions of these two sections.
3. Using the published magnetic wireline log interpretation that Site U1347 records normal polarity, a comparison of the normal polarity paleocolatitude arc for this site (and the reversed polarity arc for Site 1213) with the Pacifi c apparent polar wander path shows good agreement with the coeval (145 Ma) paleomagnetic pole.
4. All sites give paleolatitudes near the equator, with values ≤5° for Sites U1347, U1349, and U1350. Together with an ~2° paleolatitude for nearby Site 1179, these data indicate that the Shatsky Rise stayed near the equator during its entire formation. Given that the locus of volcanism moved northward relative to the Pacifi c plate, we conclude that the Pacifi c plate moved southward during Shatsky Rise formation, consistent with plate motion inferred from the apparent polar wander path. 
